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Abstract
Exclusive radiative B decays, B → K∗γ, K1(1270)γ, K1(1400)γ and K∗2 (1430)γ, are studied in
the framework of a covariant light-front quark model. The tensor form factor T1(q
2) at q2 = 0,
which is relevant to the decay B → K∗γ, is found to be 0.24, substantially smaller than what
expected from the conventional light-front model or light-cone sum rules. Taking into account the
sizable next-to-leading order (NLO) corrections, the calculated branching ratio of B → K∗γ agrees
with experiment, while most of the existing models predict too large B → K∗γ compared to the
data. The relative strength of B → K1(1270)γ and B → K1(1400)γ rates is very sensitive to the
sign of theK1(1270)–K1(1400) mixing angle. Contrary to the other models in whichK1(1270)γ and
K1(1400)γ rates are predicted to be comparable, it is found that one of them is strongly suppressed
owing to a large cancellation between two different form factor terms. The calculated branching
ratio of B → K∗2γ is in a good agreement with experiment and this may imply the smallness of
NLO corrections to this radiative decay mode.
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I. INTRODUCTION
Recently we have studied the decay constants and form factors of the ground-state s-wave and
low-lying p-wave mesons within a covariant light-front approach [1]. This formalism that preserves
the Lorentz covariance in the light-front framework has been developed and applied successfully
to describe various properties of pseudoscalar and vector mesons [2]. We extended the covariant
analysis of the light-front model in [2] to even-parity, p-wave mesons. With some explicit examples,
we have pointed out in [1] that relativistic effects could manifest in heavy-to-light transitions at
maximum recoil where the final-state meson could be highly relativistic and hence there is no reason
to expect that the non-relativistic quark model is still applicable. For example, the B → a1 form
factor V Ba10 (0) is found to be 0.13 in the relativistic light-front model [1], while it is as big as 1.01
in the Isgur-Scora-Grinstein-Wise model [3], a non-relativistic version of the quark model.
In the present work we wish to apply the covariant light-front approach to the exclusive radiative
B decays: B → K∗γ, K1γ and K∗2γ involving both s-wave and p-wave mesons in the final states.
They receive dominant contributions from the short-distance electromagnetic penguin process b→
sγ. 1 The radiative decay B → K∗γ was first measured by CLEO [5] a decade ago and more
recently by both B factories: BaBar and Belle. The measured branching ratios are
B(B0 → K∗0γ) =

(4.55 ± 0.70 ± 0.34) × 10−5 CLEO [6]
(4.23 ± 0.40 ± 0.22) × 10−5 BaBar [7]
(4.09 ± 0.21 ± 0.19) × 10−5 Belle [8],
B(B+ → K∗+γ) =

(3.76 ± 0.86 ± 0.28) × 10−5 CLEO [6]
(3.83 ± 0.62 ± 0.22) × 10−5 BaBar [7]
(4.40 ± 0.33 ± 0.24) × 10−5 Belle [8].
(1.1)
Note that the Belle results are still preliminary. The average branching ratios for the two modes
are [9]
B(B0 → K∗0γ) = (4.17 ± 0.23) × 10−5,
B(B+ → K∗+γ) = (4.18 ± 0.32) × 10−5. (1.2)
The decays B+ → K1(1270)+γ and B+ → K1(1400)+γ have been searched by Belle [10] in the
K+ρ0γ and K∗0π+γ final states, respectively. Although a sizable signal was observed by Belle,
only upper limits were provided due to a lack of ability to distinguish these resonances. As for
B → K∗2 (1430)γ, CLEO [6] has reported the first evidence with the combined result
B(B → K∗2γ) = (1.66+0.59−0.53 ± 0.13) × 10−5. (1.3)
The most recent Belle measurement [10] yields
B(B0 → K∗02 γ) = (1.3 ± 0.5± 0.1) × 10−5, (1.4)
1 The electromagnetic penguin mechanism b → sγ can also manifest in other two-body radiative decays of
bottom hadrons such as Bs → φγ, Λb → Σ0γ, Λγ, Ξb → Ξγ, Ωb → Ωγ. These decays have been studied
in [4].
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while BaBar [11] obtained the preliminary results
B(B0 → K∗02 γ) = (1.22 ± 0.25± 0.11) × 10−5,
B(B+ → K∗+2 γ) = (1.44 ± 0.40± 0.13) × 10−5. (1.5)
Theoretically, the nonfactorizable corrections to the decay B → K∗γ have been studied in the
QCD factorization approach [12] to the next-to-leading order (NLO) in QCD and to the leading
order in the heavy quark limit [13, 14, 15]. Using the light-cone sum rule (LCSR) result of 0.38 ±
0.06 [16] for the form factor T1(0) to be defined below, it is found in [13, 14, 15] that the NLO
corrections yield an enhancement of the B → K∗γ decay rate that can be as large as 80%. The
enhancement is so large that the predicted branching ratio disagrees with the observed one (1.2).
We shall show in the present work that the covariant light-front approach will lead to a form factor
T1(0) much smaller than what expected from LCSR and the conventional light-front model and
yield a significantly improved agreement with experiment.
For B → K1γ decays, we will first use the covariant light-front model to evaluate the tensor
form factors in B → K1A and B → K1B transitions, where K1A and K1B are the 3P1 and 1P1
states of K1, respectively, and then relate them to the physical K1 states K1(1270) and K1(1400).
Since the K1(1270)–K1(1400) mixing angle is large, we shall see that one of the radiative decays,
B → K1(1270)γ or B → K1(1400)γ, is strongly suppressed, contrary to the other model predictions
in which the aforementioned two decay modes are comparable in their rates.
The paper is organized as follows. The formulism for the tensor form factors evaluated in the
covariant light-front model is presented in Sec. II. The numerical results for form factors and decay
rates together with discussions are shown in Sec. III. Conclusion is given in Sec. IV followed by an
Appendix on the heavy quark limit behavior of one of the tensor form factors.
II. FORMALISM
The matrix element for the B → K∗γ transition is given by
iM = 〈K∗(P ′′, ε′′)γ(q, ε)| − iHeff |B(P ′)〉, (2.1)
where
Heff = −GF√
2
V ∗tsVtbc11Q11,
Q11 =
e
8π2
mbs¯σµν(1 + γ5)bF
µν , (2.2)
with P ′(′′) being the incoming (outgoing) momentum, ε(′′) the polarization vector of γ (K∗), Vij the
corresponding Cabbibo-Kobayashi-Maskawa (CKM) matrix element and c11 the Wilson coefficient.
As will be seen below, the inclusion of nonfactorizable corrections to B → K∗γ will amount to
replacing c11 by the effective parameter a11 to be discussed below in Sec. III. In this work we will
calculate the B → K∗ and B → K1,K∗2 transition tensor form factors in the covariant light-front
quark model and obtain the corresponding radiative decay rates.
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X
FIG. 1: Feynman diagrams for meson transition amplitudes, where P ′(′′) is the incoming (outgoing)
meson momentum, p
′(′′)
1 is the quark momentum, p2 is the anti-quark momentum and X denotes
the corresponding q¯′′σµν(1 + γ5)q
′ transition vertex.
Tensor form factors for B → K∗, K1, K∗2 transitions are defined by
〈K∗(P ′′, ε′′)|s¯iσµνqν(1 + γ5)b|B(P ′)〉 = iǫµνλρε′′ν∗P λqρ T1(q2)
+(ε′′∗µ P · q − Pµε′′∗ · q)T2(q2)
+ε′′∗ · q
(
qµ − Pµ q
2
P · q
)
T3(q
2),
〈K1A,1B(P ′′, ε′′)|s¯iσµνqν(1 + γ5)b|B(P ′)〉 = iǫµνλρε′′ν∗P λqρ YA1,B1(q2)
+(ε′′∗µ P · q − Pµε′′∗ · q)YA2,B2(q2)
+ε′′∗ · q
(
qµ − Pµ q
2
P · q
)
YA3,B3(q
2),
〈K∗2(P ′′, ε′′)|s¯iσµνqν(1 + γ5)b|B(P ′)〉 = −iǫµνλρε′′νσ∗P σP λqρ
U1(q
2)
mB
−(ε′′∗µσP · q − Pµε′′∗σρqρ)P σ
U2(q
2)
mB
−ε′′∗σρP σqρ
(
qµ − Pµ q
2
P · q
)
U3(q
2)
mB
, (2.3)
where P = P ′ + P ′′, q = P ′ − P ′′ and the convention ǫ0123 = 1 is adopted. The physical strange
axial-vector K1(1270) and K1(1400) are the mixture of K1A and K1B (we follow PDG [17] to denote
the 3P1 and
1P1 states of K1 by K1A and K1B , respectively) owing to the mass difference of the
strange and non-strange light quarks:
K1(1270) = K1A sin θ +K1B cos θ,
K1(1400) = K1A cos θ −K1B sin θ. (2.4)
The mixing angle θ will be discussed in the next section. For the masses of K1A and K1B , we follow
Ref. [18] to determine them from the mass relations m2K1A = m
2
K1(1270)
+ m2K1(1400) −m2K1B and
2m2K1B = m
2
b1(1232)
+m2h1(1380).
To begin with, we consider the transition amplitude given by the one-loop diagram as shown in
Fig. 1. We follow the approach of [2] and use the same notation. The incoming (outgoing) meson
has the momentum P ′(′′) = p
′(′′)
1 + p2, where p
′(′′)
1 and p2 are the momenta of the off-shell quark
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and antiquark, respectively, with masses m
′(′′)
1 and m2. These momenta can be expressed in terms
of the internal variables (xi, p
′
⊥),
p′+1,2 = x1,2P
′+, p′1,2⊥ = x1,2P
′
⊥ ± p′⊥, (2.5)
with x1 + x2 = 1. Note that we use P
′ = (P ′−, P ′+, P ′⊥), where P
′± = P ′0 ± P ′3, so that P ′2 =
P ′+P ′− − P ′2⊥ . In the covariant light-front approach, total four momentum is conserved at each
vertex where quarks and antiquarks are off-shell. These differ from the conventional light-front
approach (see, for example, [19, 20]) where the plus and transverse components of momentum
are conserved, and quarks as well as antiquarks are on-shell. It is useful to define some internal
quantities:
M ′20 = (e
′
1 + e2)
2 =
p′2⊥ +m
′2
1
x1
+
p′2⊥ +m
2
2
x2
, M˜ ′0 =
√
M ′20 − (m′1 −m2)2,
e
(′)
i =
√
m
(′)2
i + p
′2
⊥ + p
′2
z , p
′
z =
x2M
′
0
2
− m
2
2 + p
′2
⊥
2x2M ′0
. (2.6)
Here M ′20 can be interpreted as the kinetic invariant mass squared of the incoming qq¯ system, and
ei the energy of the quark i.
It has been shown in [21] that one can pass to the light-front approach by integrating out the
p− component of the internal momentum in covariant Feynman momentum loop integrals. We
need Feynman rules for the meson-quark-antiquark vertices to calculate the amplitudes depicted in
Fig. 1. The Feynman rules for vertices (iΓ′M ) of ground-state s-wave mesons and low-lying p-wave
mesons are summarized in Table I. Note that we use 3A and 1A to denote 3P1 and
1P1 states,
respectively. It is known that the integration of the minus component of the internal momentum in
Fig. 1 will force the antiquark to be on its mass shell [2]. The specific form of the (phenomenological)
covariant vertex functions for on-shell quarks can be determined by comparing to the conventional
vertex functions [1].
We first consider the tensor form factors for B → K∗ transition. We have
Bµνε′′∗ν ≡ 〈K∗(P ′′, ε′′)|s¯σµλqλ(1 + γ5)b|B(P ′)〉 = −i3 Nc
(2π)4
∫
d4p′1
H ′P (iH
′′
V )
N ′1N
′′
1N2
SRµν ε
′′∗ν , (2.7)
TABLE I: Feynman rules for the vertices (iΓ′M ) of the incoming mesons-quark-antiquark, where
p′1 and p2 are the quark and antiquark momenta, respectively. Under the contour integrals to be
discussed below, H ′M and W
′
M are reduced to h
′
M and w
′
M , respectively, whose expressions are
given by Eq. (2.13). Note that for outgoing mesons, we shall use i(γ0Γ
′†
Mγ0) for the corresponding
vertices.
M (2S+1LJ) iΓ
′
M
pseudoscalar (1S0) H
′
Pγ5
vector (3S1) iH
′
V [γµ − 1W ′
V
(p′1 − p2)µ]
axial (3P1) −iH ′3A[γµ + 1W ′
3A
(p′1 − p2)µ]γ5
axial (1P1) −iH ′1A[ 1W ′
1A
(p′1 − p2)µ]γ5
tensor (3P2) i
1
2H
′
T [γµ − 1W ′
V
(p′1 − p2)µ](p′1 − p2)ν
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where
SRµν = Tr
[(
γν − 1
W ′′V
(p′′1 − p2)ν
)
(6p′′1 +m′′1)σµλqλ(1 + γ5)(6p′1 +m′1)γ5(− 6p2 +m2)
]
, (2.8)
N ′′1 = p
′′2
1 −m′′21 + iǫ and N2 = p22 −m22 + iǫ. By using the identity 2σµλγ5 = iǫµλρσσρσ, the above
trace SRµν can be further decomposed into
SRµν = q
λSνµλ +
i
2
qλǫµλρσS
ρσ
ν , (2.9)
where
Sνµλ = Tr
[(
γν − 1
W ′′V
(p′′1 − p2)ν
)
(6p′′1 +m′′1)σµλqλ(6p′1 +m′1)γ5(− 6p2 +m2)
]
= −ǫµνλα2[2(m′1m2 +m′′1m2 −m′1m′′1)p′α1 +m′1m′′1Pα + (m′1m′′1 − 2m′1m2)qα]
− 2
W ′′V
(4p′1ν − 3qν − Pν)ǫµλαβ [(m′1 +m′′1)p′α1 P β + (m′′1 −m′1 + 2m2)p′α1 qβ
+m′1P
αqβ]. (2.10)
As in [1, 2], we work in the q+ = 0 frame. For the integral in Eq. (2.7) we perform the p−1
integration [2], which picks up the residue at p2 = pˆ2 and leads to
N
′(′′)
1 → Nˆ ′(′′)1 = x1(M ′(′′)2 −M ′(′′)20 ),
H
′(′′)
M → h′(′′)M ,
W ′′M → w′′M ,∫
d4p′1
N ′1N
′′
1N2
H ′PH
′′
V S → −iπ
∫
dx2d
2p′⊥
x2Nˆ
′
1Nˆ
′′
1
h′Ph
′′
V Sˆ, (2.11)
where
M ′′20 =
p′′2⊥ +m
′′2
1
x1
+
p′′2⊥ +m
2
2
x2
, (2.12)
with p′′⊥ = p
′
⊥ − x2 q⊥. In this work the explicit forms of h′M and w′M are given by [1]
h′P = h
′
V = (M
′2 −M ′20 )
√
x1x2
Nc
1√
2M˜ ′0
ϕ′,
h′3A = (M
′2 −M ′20 )
√
x1x2
Nc
1√
2M˜ ′0
M˜ ′20
2
√
2M ′0
ϕ′p,
h′1A = h
′
T = (M
2′ −M ′20 )
√
x1x2
Nc
1√
2M˜ ′0
ϕ′p ,
w′V = M
′
0 +m
′
1 +m2, w
′
3A =
M˜ ′20
m′1 −m2
, w′1A = 2 , (2.13)
where ϕ′ and ϕ′p are the light-front momentum distribution amplitudes for s-wave and p-wave
mesons, respectively. There are several popular phenomenological light-front wave functions that
have been employed to describe various hadronic structures in the literature. In the present work,
we shall use the Gaussian-type wave function [22]
ϕ′ = ϕ′(x2, p
′
⊥) = 4
(
π
β′2
) 3
4
√
dp′z
dx2
exp
(
−p
′2
z + p
′2
⊥
2β′2
)
,
ϕ′p = ϕ
′
p(x2, p
′
⊥) =
√
2
β′2
ϕ′,
dp′z
dx2
=
e′1e2
x1x2M ′0
. (2.14)
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The parameter β′ is expected to be of order ΛQCD.
In general, pˆ′1 can be expressed in terms of three external vectors, P
′, q and ω˜ [ω˜ being a lightlike
vector with the expression ω˜µ = (ω˜−, ω˜+, ω˜⊥) = (2, 0, 0⊥)]. In practice, for pˆ
′
1 under integration we
use the following rules [2]
pˆ′1µ
.
= PµA
(1)
1 + qµA
(1)
2 ,
pˆ′1µpˆ
′
1ν
.
= gµνA
(2)
1 + PµPνA
(2)
2 + (Pµqν + qµPν)A
(2)
3 + qµqνA
(2)
4 ,
pˆ′1µpˆ
′
1ν pˆ
′
1α
.
= (gµνPα + gµαPν + gναPµ)A
(3)
1 + (gµνqα + gµαqν + gναqµ)A
(3)
2
+PµPνPαA
(3)
3 + (PµPνqα + PµqνPα + qµPνPα)A
(3)
4
+(qµqνPα + qµPνqα + Pµqνqα)A
(3)
5 + qµqνqαA
(3)
6 , (2.15)
where the symbol
.
= reminds us that the above equations are true only after integration. In the
above equation, A
(i)
j are functions of x1,2, p
′2
⊥, p
′
⊥ · q⊥ and q2, and their explicit expressions are
given by [2]
A
(1)
1 =
x1
2
, A
(1)
2 = A
(1)
1 −
p′⊥ · q⊥
q2
,
A
(2)
1 = −p′2⊥ −
(p′⊥ · q⊥)2
q2
, A
(2)
2 = (A
(1)
1 )
2, A
(2)
3 = A
(1)
1 A
(1)
2 ,
A
(2)
4 = (A
(1)
2 )
2 − 1
q2
A
(2)
1 , A
(3)
1 = A
(1)
1 A
(2)
1 , A
(3)
2 = A
(1)
2 A
(2)
1 , (2.16)
A
(3)
3 = A
(1)
1 A
(2)
2 , A
(3)
4 = A
(1)
2 A
(2)
2 , A
(3)
5 = A
(1)
1 A
(2)
4 ,
A
(3)
6 = A
(1)
2 A
(2)
4 −
2
q2
A
(1)
2 A
(2)
1 .
We do not show the spurious contributions in Eq. (2.15) since they are numerically vanishing [1,
2, 23]. For the integration in Eq. (2.7) we need only the first two rules in (2.15), while the third
one will be used in the calculation of the B → K∗2 transition form factors. In general, there are
additional rules involving N2 in [2] and these may be identified as zero mode contributions to form
factors (for a different approach of zero mode contributions, see [24]). As shown in Eq. (2.10), there
is no N2 term in the trace and hence no zero mode contribution to the B → K∗ form factors. As
we shall see, the above statement also holds for B → K1 and B → K∗2 form factors.
By using Eqs. (2.7)–(2.15), one arrives at
T1(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
m′1m
′′
1 + x1(m
′
1m2 +m
′′
1m2 −m′1m′′1)−
2
w′′V
[(m′1 +m
′′
1)A
(2)
1 ]
}
,
T2(q
2) = T1(q
2) +
q2
P · q
Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
m′1m
′′
1 − 2m′1m2
+2A
(1)
2 (m
′
1m2 +m
′′
1m2 −m′1m′′1)−
2
w′′V
[(m′′1 −m′1 + 2m2)A(2)1 ]
}
,
T3(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
2h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
2m′1m2 −m′1m′′1 − 2A(1)2 (m′1m2 +m′′1m2 −m′1m′′1)
+
2
w′′V
{(m′′1 −m′1 + 2m2)[A(2)1 + P · q(A(2)2 +A(2)3 −A(1)1 )
+P · q(m′1 +m′′1)(A(1)2 −A(2)3 −A(2)4 ) + P · q m′1(A(1)1 +A(1)2 − 1)]}
}
. (2.17)
7
In order to compare with the conventional light-front model calculation for T1(0), which is relevant
for B → K∗γ decay, we write
T1(0) =
1
32π2
∫
dx d2p′⊥
ϕ′′(x, p′⊥)ϕ
′(x, p′⊥)√
A′2 + p′2⊥
√
A′′2 + p′2⊥
×
{
x2mbms + x(1− x)(mbmq +msmq) + p
′2
⊥
ω′′V
x(mb +ms)
}
. (2.18)
where A′ = mbx + mq(1 − x) and A′′ = msx + mq(1 − x), x = x2, and mq is the mass of the
spectator quark in the B meson. This is to be compared with the result
T1(0) =
1
32π2
∫
dx d2p′⊥
ϕ′′(x, p′⊥)ϕ
′(x, p′⊥)√
A′2 + p′2⊥
√
A′′2 + p′2⊥
(2.19)
×
{
x2mbms + x(1− x)(mbmq +msmq) + (1− x)[(1− x)m2q + p′2⊥] +
p′2⊥
ω′′V
x(mb +ms)
}
obtained in [25]. It is clear that the terms proportional to (1 − x)m2q + p′2⊥ do not exist in our
expression for T1(0). This will affect the numerical result significantly for the B → K∗γ rate as we
shall discuss in Sec. III. It is shown in Appendix that our result (2.18) for T1(0) has the correct
heavy quark limit behavior and hence it is more trustworthy than (2.19).
The calculation for B → K1A,1B transition form factors can be done in a similar manner. In
analogue to Eq. (2.7), we have
B3Aµν ε′′∗ν = −i3
Nc
(2π)4
∫
d4p′1
H ′P (−iH ′′3A)
N ′1N
′′
1N2
S
3A
Rµν ε
′′∗ν ,
B1Aµν ε′′∗ν = −i3
Nc
(2π)4
∫
d4p′1
H ′P (−iH ′′1A)
N ′1N
′′
1N2
S
1A
Rµν ε
′′∗ν , (2.20)
where
S
3A
Rµν = Tr
[(
γν − 1
W ′′3A
(p′′1 − p2)ν
)
γ5(6p′′1 +m′′1)σµλqλ(1 + γ5)(6p′1 +m′1)γ5(− 6p2 +m2)
]
,
S
1A
Rµν = Tr
[(
− 1
W ′′1A
(p′′1 − p2)ν
)
γ5(6p′′1 +m′′1)σµλqλ(1 + γ5)(6p′1 +m′1)γ5(− 6p2 +m2)
]
. (2.21)
It can be easily shown that S
3A,1A
Rµν = −SRµν with m′′1 and W ′′V replaced by −m′′1 and W ′′3A,1A,
respectively, while only the 1/W ′′1A term is kept for the S
1A
R case. Consequently, we have, for
i = 1, 2, 3,
YAi,Bi(q
2) = Ti(q
2) with (m′′1 → −m′′1, h′′V → h′′3A,1A, w′′V → w′′3A,1A), (2.22)
where only the 1/W ′′ terms in YBi form factors are kept. It should be cautious that the replacement
of m′′1 → −m′′1 should not be applied to m′′1 in w′′ and h′′. The above simple relation between
B → K1 and B → K∗ transition tensor form factors is similar to that for vector and axial form
factors in P → A and P → V transitions [1].
Finally we turn to the B → K∗2 transition given by
BTµνλε′′∗νλ ≡ 〈K∗2 (P ′′, ε′′)|s¯σµν(1 + γ5)qνb|B(P ′)〉 = −i3
Nc
(2π)4
∫
d4p′1
H ′P (iH
′′
T )
N ′1N
′′
1N2
SPTµνλ ε
′′∗νλ, (2.23)
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where
STRµνλ = SRµν(−q + p′1)λ. (2.24)
The contribution from the Sµν(−q)λ part is trivial, since qλ can be taken out from the integration,
which is already done in the B → K∗ case. Contributions from the SˆRµν pˆ′1λ part can be worked
out by using Eq. (2.15). Putting all these together leads to
U1(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
2M ′h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
m′1m
′′
1(1−A(1)1 −A(1)2 )
+2(m′1m2 +m
′′
1m2 −m′1m′′1)(A(1)1 −A(2)2 −A(2)3 )−
4
w′′V
[
(m′1 +m
′′
1)(A
(2)
1 −A(3)1 −A(3)2 )
]}
,
U2(q
2) = U1(q
2) +
q2
P · q
Nc
16π3
∫
dx2d
2p′⊥
2M ′h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
(m′1m
′′
1 − 2m′1m2)(1−A(1)1 −A(1)2 )
+2(m′1m2 +m
′′
1m2 −m′1m′′1)(A(1)2 −A(2)3 −A(2)4 )
− 4
w′′V
[
(m′′1 −m′1 + 2m2)(A(2)1 −A(3)1 −A(3)2 )
] }
,
U3(q
2) =
Nc
16π3
∫
dx2d
2p′⊥
2M ′h′Ph
′′
V
x2Nˆ ′1Nˆ
′′
1
{
(m′1m
′′
1 − 2m′1m2)(−1 +A(1)1 +A(1)2 )
+2(m′1m2 +m
′′
1m2 −m′1m′′1)(−A(1)2 +A(2)3 +A(2)4 )
− 2
w′′V
[
2(m′′1 −m′1 + 2m2)(−A(2)1 +A(3)1 +A(3)2 )
+P · q(m′′1 −m′1 + 2m2)(A(1)1 − 2A(2)2 − 2A(2)3 +A(3)3 + 2A(3)4 +A(3)5 )
+P · q(m′1 +m′′1)(−A(1)2 + 2A(2)3 + 2A(2)4 −A(3)4 − 2A(3)5 −A(3)6 )
+P · q m′1(1− 2A(1)1 − 2A(1)2 +A(2)2 + 2A(2)3 +A(2)4 )
]}
. (2.25)
We are now ready to calculate the radiative decay rates. Before proceeding, two remarks are in
order: (i) At q2 = 0 the form factors obey the simple relations T2(0) = T1(0), YA2,B2(0) = YA1,B1(0)
and U2(0) = U1(0). (ii) Form factors T3(0), Y3A,3B(0), U3(0) do not contribute to the corresponding
radiative decay rates. It is straightforward to obtain
B(B → K∗γ) = τBG
2
Fαm
3
Bm
2
b
32π4
(
1− m
2
K∗
m2B
)3
|VtbV ∗tsa11 T1(0)|2,
B(B → K1A,1B γ) = τBG
2
Fαm
3
Bm
2
b
32π4
(
1−
m2K1A,1B
m2B
)3
|VtbV ∗tsa11 YA1,B1(0)|2,
B(B → K∗2γ) = τB
G2Fαm
5
Bm
2
b
256π4m2K∗
2
(
1−
m2K∗
2
m2B
)5
|VtbV ∗tsa11 U1(0)|2, (2.26)
where τB is the B lifetime. It has been realized recently that non-factorizable strong interaction
corrections (i.e. those corrections not related to form factors, such as hard vertex and hard spectator
contributions) to B → K∗γ are calculable in the heavy quark limit and amount to replacing the
Wilson coefficient c11 by the effective parameter a11. Such corrections have been calculated in the
QCD factorization framework and in the large energy effective theory up to NLO in αs and to the
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TABLE II: The input parameters mq and β (in units of GeV) in the Gaussian-type wave function
(2.14).
mu ms mb βB βK∗ βK1,K∗2
0.23 0.45 4.4 0.5233 0.2846 0.2979
leading power in ΛQCD/mB and found to be quite sizable [13, 14, 15]. We will return back to this
point later.
In the next section, we will give numerical results for form factors, Ti(q
2), YAi,Bi(q
2), Ui(q
2), as
well as B → K∗γ, K1γ, K∗2γ decay rates.
III. NUMERICAL RESULTS AND DISCUSSION
To perform numerical calculations we need to first specific some input parameters in the covariant
light-front model. The input parameters mq and β in the Gaussian-type wave function (2.14) are
shown in Table II. The constituent quark masses are close to those used in the literature [1, 2, 20,
26, 27]. The input parameters β’s are fixed by the decay constants whose analytic expressions in the
covariant light-front model are given in [1]. We use fB = 180 MeV and fK∗ = 230 MeV to fix βB and
βK∗ , respectively. For p-wave strange mesons, we take for simplicity βK1 = βK1A = βK1B = βK∗2 [28]
and use fK1(1270) = 175 MeV extracted from the measured τ → K1(1270)ντ decays [29] to fix βK1
to be 0.2979 GeV.
As in [1, 2], because of the condition q+ = 0 we have imposed during the course of calculation,
form factors are known only for spacelike momentum transfer q2 = −q2⊥ ≤ 0, whereas only the
timelike form factors are relevant for the physical decay processes. It has been proposed in [26]
to recast the form factors as explicit functions of q2 in the spacelike region and then analytically
continue them to the timelike region. It has been shown recently that, within a specific model, form
factors obtained directly from the timelike region (with q+ > 0) are identical to the ones obtained
TABLE III: Tensor form factors of B → K∗, K1, K∗2 transitions obtained in the covariant light-
front model are fitted to the 3-parameter form Eq. (3.1) except for the form factors YB3 and U2
denoted by ∗ for which the fit formula Eq. (3.2) is used. All the form factors are dimensionless.
F F (0) F (q2max) a b F F (0) F (q
2
max) a b
T1 0.24 1.00 1.73 0.90 YA1 0.11 0.15 0.68 0.35
T2 0.24 0.59 0.92 0.07 YA2 0.11 0.06 −0.91 0.79
T3 0.17 0.79 1.72 0.84 YA3 0.19 0.34 1.02 0.35
YB1 0.13 0.33 1.94 1.53 U1 0.19 0.45 2.22 2.13
YB2 0.13 0.21 0.83 0.25 U2 0.19
∗ 0.32∗ 1.77∗ 4.32∗
YB3 −0.07∗ −0.24∗ 1.93∗ 2.33∗ U3 0.16 0.37 2.19 1.80
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by the analytic continuation from the spacelike region [24].
In principle, form factors at q2 > 0 can be evaluated directly in the frame where the momentum
transfer is purely longitudinal, i.e., q⊥ = 0, so that q
2 = q+q− covers the entire range of momentum
transfer [20]. The price one has to pay is that, besides the conventional valence-quark contribution,
one must also consider the non-valence configuration (or the so-called Z-graph) arising from quark-
pair creation from the vacuum. However, a reliable way of estimating the Z-graph contribution is
still lacking unless one works in a specific model, for example, the one advocated in [24]. Fortunately,
this additional non-valence contribution vanishes in the frame where the momentum transfer is
purely transverse i.e., q+ = 0.
To proceed we find that except for the form factors YB3 and U2, the momentum dependence of
the form factors Ti, YAi,Bi, Ui in the spacelike region can be well parameterized and reproduced in
the three-parameter form:
F (q2) =
F (0)
1− a(q2/m2B) + b(q2/m2B)2
. (3.1)
The parameters a, b and F (0) are first determined in the spacelike region. We then employ this
parametrization to determine the physical form factors at q2 ≥ 0. In practice, the parameters a, b
and F (0) are obtained by performing a 3-parameter fit to the form factors in the range −20GeV2 ≤
q2 ≤ 0. The obtained a and b parameters are in most cases are not far from unity as expected.
However, the parameter b for YB3 and U2 is rather sensitive to the chosen range for q
2 and can be
as large as 6.6 and 8.8, respectively. To overcome this difficulty, we will fit YB3(q
2) and U2(q
2) to
the form
F (q2) =
F (0)
(1− q2/m2B)[1− a(q2/m2B) + b(q2/m2B)2]
(3.2)
and achieve a substantial improvement. Note that for the case of U2(q
2), it is fitted to a smaller
range of −12GeV2 ≤ q2 ≤ 0.
The B → K∗, K1, K∗2 transition tensor form factors and their q2-dependence are displayed in
Table III and depicted in Fig. 2. The result of T1(0) is then compared with other model calculations
TABLE IV: Tensor form factor T1 at q
2 = 0 in this work and in various other models.
Ref. T1(0) Ref. T1(0)
This work 0.24 LCSR [35] 0.32 ± 0.05
QM [30] 0.37 ± 0.09, 0.39 LCSR [36] 0.31 ± 0.04
LFQM [25, 31] 0.32a LCSR [37] 0.38 ± 0.06
Lattice [32] 0.20 ± 0.02 ± 0.06 LCSR [38] 0.32 ± 0.06
Lattice [33] 0.32+0.04−0.02 PQCD [39] 0.315
b (0.294)c
Lattice [34] 0.25 ± 0.05 ± 0.02
aFor βK∗ = 0.32 GeV.
bFor βB = 0.40 GeV.
cFor βB = 0.42 GeV.
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FIG. 2: Tensor form factors Ti(q
2), YAi,Bi(q
2) and Ui(q
2) for B → K∗, B → K1 and B → K∗2
transitions, respectively.
in Table IV. It should be stressed that our T1(0) is smaller than that obtained from the quark
model (QM) [30], the conventional light-front quark model (LFQM) [25, 31]2, light-cone sum rules
(LCSR) [35, 36, 37, 38] and the perturbative QCD approach (PQCD) [39] but is close to two of
the lattice calculations [32, 34].
The effective parameter a11(K
∗γ) has been calculated in the framework of QCD factorization
to be |a11(K∗γ)|2 = 0.165+0.018−0.017 [13] at µ = mˆb and a11(K∗γ) = −0.4072 − 0.0256i [14] at µ = mb
(see also Table 3 of [15]). These effective parameters are larger than the Wilson coefficient c11 of
order −0.32 at µ = mb. For B → K1γ and K∗2γ decays, we shall employ a11 = c11 as NLO QCD
corrections there have not been calculated. In Eq. (2.26), we take mb(mˆb) = 4.4 GeV for B → K∗γ
and mb(mb) = 4.2 GeV for B → K1γ and K∗2γ decays.
In Table V, we summarize the calculated branching ratios for the radiative decays B → K∗γ,
K1(1270)γ, K1(1400)γ, K
∗
2 (1430)γ in the covariant light-front model. For comparison we also
2 This is due to the presence of additional terms proportional to (1−x)m2q+p′2⊥ in the expression of the form
factor T1(0) in the conventional light-front model [see in Eq. (2.19)]. However, it is shown in Appendix
that this tensor form factor does not have the correct heavy quark limit behavior. In the heavy quark
limit, heavy quark spin symmetry allows one to relate the tensor form factors Ti(q
2) to the vector and
axial-vector B → V transition form factors (see Appendix). As shown in [1], the latter in the covariant
light-front model are numerically smaller than the other model results. Therefore, the fact that T1(0) is
smaller in the covariant LF model (see Table III) is consistent with previous form factor calculations in [1].
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TABLE V: Branching ratios for the radiative decays B → K∗γ, K1(1270)γ, K1(1400)γ, K∗2 (1430)γ
(in units of 10−5) in the covariant light-front model and in other models. Experimental data are
summarized in Sec. I and only the averages for B → K∗γ and B → K∗2γ are quoted in the table.
Experimental limits on B → K1γ are taken from [10].
B → K∗γ B → K1(1270)γ B → K1(1400)γ B → K∗2 (1430)γ
Expt 4.17 ± 0.19 < 9.9 < 5.0 1.33 ± 0.20
This work 3.27 ± 0.74a 0.02 ± 0.02b 0.80 ± 0.12b 1.48 ± 0.30
(0.04 ± 0.03)b (0.77 ± 0.11)b
0.77 ± 0.11c 0.08 ± 0.04c
(0.84 ± 0.12)c (0.003 ± 0.006)c
Lattice [34] 3.54 ± 1.57a
RQM [40] 4.5± 1.5 0.45 ± 0.15 0.78 ± 0.18 1.7± 0.6
LFQM [31] 5.81 ± 1.32a
LCSR [38] 5.81 ± 2.27a 0.67 ± 0.27d 0.30 ± 0.13d 1.67 ± 0.67d
AP [15] 6.8± 2.6
BB [14, 41] 7.4+2.6−2.4
e
BFS [13] 7.9+3.5−3.0
HQET [42] 9.99 ± 3.81f 1.44 ± 0.53d 0.70 ± 0.30d 2.07 ± 0.97d
aUse of |a11(K∗γ)|2 = 0.165± 0.018 [13] and Eq. (2.26) has been made.
bFor the K1(1270)–K1(1400) mixing angle θ = −58◦(−37◦).
cFor the K1(1270)–K1(1400) mixing angle θ = +58
◦(+37◦).
dUse has been made of B(b→ sγ) = 3.34× 10−4 [9].
eThe central value and errors are taken from the complete NLO result for the neutral mode [41].
fThe original results are scaled up by a factor of |a11(K∗γ)/c11|2 = 1.78 .
quote experimental results and some other theoretical calculations. For our results and results in
LFQM [31], lattice [34] and LCSR [38], we use |a11(K∗γ)|2 = 0.165 ± 0.018 [13]. The theoretical
errors in B(B → K∗γ) arise from |a11(K∗γ)|2 and T1(0). Note that we have assigned a 10%
estimated uncertainty for our T1(0) and that from LFQM [31]. For B → K∗γ rates from the
relativistic quark model (RQM) [40] and heavy quark effective theory (HQET) [42], we have scaled
up their results by a factor of |a11(K∗γ)/c11|2 = 1.78. Calculations in LCSR [38] and HQET [42] are
often expressed in terms of R ≡ B(B → K∗∗γ)/B(b→ sγ) with K∗∗ denoting K1 or K∗2 . Therefore,
the branching ratio of B → K∗∗γ is obtained by multiplying R with B(b→ sγ) = 3.34 × 10−4 [9].
For B → K∗2γ, the error in our predicted rate shown in Table V comes from a 10% estimated
uncertainty in U1(0).
As stressed in [13, 14, 15], the NLO correction yields an enhancement of the B → K∗γ rate that
can be as large as 80%. Consequently, the prediction in most of the existing models becomes too
large as the measured branching ratio is already saturated even before the NLO correction is taken
into account. Our prediction of B(B → K∗γ) = (3.27 ± 0.74) × 10−5 due to short-distance b→ sγ
contributions agrees with experiment (see Table V). It is generally believed that long-distance
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contributions to B → K∗γ is small and not more than 5% (see e.g. [43, 44] and references therein).
To compute B → K1γ rates we need to know the K1(1270)–K1(1400) mixing angle as defined
in Eq. (2.4). From the experimental information on masses and the partial rates of K1(1270) and
K1(1400), Suzuki found two possible solutions with a two-fold ambiguity, |θ| ≈ 33◦ and 57◦ [18].
A similar constraint 35◦ <∼ |θ| <∼ 55◦ is obtained in [45] based solely on two parameters: the mass
difference of the a1 and b1 mesons and the ratio of the constituent quark masses. An analysis
of τ → K1(1270)ντ and K1(1400)ντ decays also yields the mixing angle to be ≈ 37◦ or 58◦ with
a two-fold ambiguity [29]. It has been shown in [29] that the study of hadronic decays D →
K1(1270)π, K1(1400)π decays favors the solution θ ≈ −58◦. However, this is subject to many
uncertainties such as the unknown D → K1A,1B transition form factors and the decay constants of
K1(1270) and K1(1400).
The physical B → K1(1270) and B → K1(1400) tensor form factors have the expressions
Y
B→K1(1270)
i (q
2) = YAi(q
2) sin θ + YBi(q
2) cos θ
Y
B→K1(1400)
i (q
2) = YAi(q
2) cos θ − YBi(q2) sin θ. (3.3)
Since the form factors YA1(0) and YB1(0) are similar (see Table III) and since the K1(1270)–
K1(1400) mixing angle is large, it is obvious from Eqs. (3.3) and (2.26) that one of B → K1γ
decays is strongly suppressed owing to a large cancellation between the YA1(0) and YB1(0) terms.
In Table V, branching ratios of B → K1γ are calculated using two different sets of the K1(1270)–
K1(1400) mixing angles θ = ±58◦,±37◦. 3 Errors in the rates displayed in Table V stem from 10%
estimated uncertainties in YA1,B1(0). Therefore, the ratio of B → K1(1270)γ and K1(1400)γ rates
is very sensitive to the mixing angle. For example for θ = ±58◦ we have
B(B → K1(1270)γ)
B(B → K1(1400)γ) =
{
10.1 ± 6.2 for θ = +58◦,
0.02 ± 0.02 for θ = −58◦. (3.4)
Evidently, experimental measurement of the above ratio of branching fractions can be used to fix
the sign of the mixing angle, and it should be much more clean than the method based on hadronic
D decays [29].
It is worth emphasizing that all other models predict comparable K1(1270)γ and K1(1400)γ
rates (see Table V). In [38, 42] tensor form factors Yi are evaluated directly for the physical
B → K1(1270) and B → K1(1400) transitions, while B → K1/21 and B → K3/21 transition form
factors (K
1/2
1 and K
3/2
1 being the P
1/2
1 and P
3/2
1 states of K1, respectively) are evaluated first
in [40] and then related to the physical transitions. Hence, measurements of B → K1γ decays can
be utilized to distinguish the covariant light-front model from others.
For B → K∗2γ decays, the calculated branching ratio of (1.48±0.30)×10−5 is in a good agreement
with the world average of (1.33 ± 0.20) × 10−5. Since the above prediction is for a11 = c11, this
seems to imply that NLO corrections to B → K∗2γ is not as important and dramatic as in the case
of B → K∗γ.
3 Note that by using input parameters in Table II and with four different values of θ, the decay constant
|fK1(1270)| is still within the experimental range (175± 19) MeV.
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IV. CONCLUSION
Exclusive radiative B decays, B → K∗γ, K1(1270)γ, K1(1400)γ and K∗2 (1430)γ, are studied in
the framework of a covariant light-front quark model. Our main conclusions are as follows.
1. The tensor form factor T1(q
2) at q2 = 0, which is relevant to the decay B → K∗γ, is found to
be 0.24 . This is much smaller than what expected from the conventional light-front model
or light-cone sum rules but is in a good agreement with a recent lattice result [34]. In the
heavy quark limit, the tensor form factors can be related to the vector and axial-vector form
factors. Contrary to the conventional light-front model, it is found that the expression of
T1(q
2) in the covariant light-front model has the correct heavy quark limit behavior.
2. Taking into account the next-to-leading order hard vertex and hard spectator corrections,
the predicted branching ratio B(B → K∗γ) = (3.27 ± 0.74) × 10−5 agrees with experiment,
whereas most of the existing models predict too large decay rates of B → K∗γ compared to
the data.
3. The decay rates of B → K1(1270)γ and B → K1(1400)γ are very sensitive to the K1(1270)–
K1(1400) mixing angle and hence a measurement of their relative strength will provide an
excellent way for determining the sign of the strange axial-vector meson mixing angle. Con-
trary to the other models in which K1(1270)γ andK1(1400)γ are predicted to be comparable,
we found that, depending on the sign of the mixing angle, one of them is strongly suppressed
owing to a large cancellation between two different form factor terms. Hence experimen-
tal measurements of the ratio of branching fractions will enable us to discriminate between
different models.
4. The predicted branching ratio of B → K∗2γ is in a good agreement with experiment and this
may imply that NLO corrections to B → K∗2γ is not as important and dramatic as in the
case of B → K∗γ.
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APPENDIX A: HEAVY QUARK LIMIT OF THE FORM FACTOR T1(0)
In the heavy quark limit the tensor form factors Ti(q
2) for B → K∗ transition can be related to
vector and axial-vector B → K∗ form factors defined by
〈K∗(P ′′, ε′′)|Vµ|B(P ′)〉 = ǫµναβ ε′′∗νPαqβ g(q2),
〈K∗(P ′′, ε′′)|Aµ|B(P ′)〉 = −i
{
ε′′∗µ f(q
2) + ε∗′′ · P
[
Pµa+(q
2) + qµa−(q
2)
]}
. (A1)
In the static limit of the b quark, the static b-quark spinor satisfies the equation of motion γ0b = b.
Heavy quark spin symmetry implies the relations [46]
〈K∗|s¯γib|B〉 = 〈K∗|s¯iσ0ib|B〉,
〈K∗|s¯γiγ5b|B〉 = −〈K∗|s¯iσ0iγ5b|B〉. (A2)
This gives the form factor relation (see e.g. [47] for other form-factor relations)
T1(q
2) = −1
2
(mB − ωmK∗)g(q2)− 1
4mB
f(q2), (A3)
where
ω =
m2B +m
2
K∗ − q2
2mBmK∗
. (A4)
Then in the heavy quark limit
T1(q
2) = −1
4
mb g(q
2)− 1
4mb
f(q2) (A5)
for |q2| ≪ m2B .
From Eq. (2.18) we find that in the heavy quark limit
T1(0)→ 1
32π2
∫
dx d2p′⊥
xmbmq ϕ
′′ϕ′√
A′2 + p′2⊥
√
A′′2 + p′2⊥
, (A6)
where use of x→ 0 has been made. It follows from Eq. (B4) of [1] that
g(0)→ − 1
16π2
∫
dx d2p′⊥
ϕ′′ϕ′√
A′2 + p′2⊥
√
A′′2 + p′2⊥
[
x2mb + xmq +
p′2⊥ +m
2
q − x2m2b
mb
]
, (A7)
and
f(0) → 1
32π2
∫
dx d2p′⊥
ϕ′′ϕ′√
A′2 + p′2⊥
√
A′′2 + p′2⊥
×
[
2xm2b(xmb −mq) + 2
p′2⊥ +m
2
q − x2m2b
mb
]
. (A8)
Hence,
− 1
4
mb g(0) − 1
4mb
f(0)→ 1
32π2
∫
dx d2p′⊥
xmbmq ϕ
′′ϕ′√
A′2 + p′2⊥
√
A′′2 + p′2⊥
. (A9)
By comparing (A9) with (A6) we see that T1 has the correct heavy quark limit behavior. It should
be stressed that the zero mode contribution to the form factor f(q2) vanishes in the heavy quark
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limit. In the conventional light-front model [25, 31], the heavy quark limit of T1(0) contains an
additional term m2q+p
′2
⊥ in the numerator of Eq. (A6) [see Eq. (2.19)] and hence it does not respect
(A5) in the heavy quark limit.
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